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The observations of room temperature ferromagnetism in transition metal doped as well as in undoped nanostructural metal oxides have been of great research interest for the past decade. Among the most interesting is the observation of ferromagnetism in several undoped nanoparticle metal oxides reported by Sundaresan et al. 1 whereby at the nanoscale level, there exists some sort of exchange interactions among the spin moments of the electrons residing on surface oxygen vacant sites of these nanomaterials in mediating long-range magnetic ordering. Titanium oxide nanomaterials doped with small amount of transition metal cobalt have also displayed room temperature ferromagnetism in which Co-doped titanium oxide nanotubes have been the most studied.
2-5 Although there exist several models to explain the room temperature ferromagnetic phenomenon in diluted magnetic semiconductors, the copresence of cobalt ions and oxygen vacancies and the exchange interactions that arise between them are the more accepted views. In this communication, we report on the magnetic behavior of undoped and Codoped titanium dioxide nanobelts ͑or nanowires͒ in their reduced and oxidized states. While the expected room temperature ferromagnetic ordering was observed in the Codoped TiO 2 nanobelts, herein we also report on the observation of superparamagnetic ordering in the undoped vacuum reduced TiO 2 nanobelts. In a superparamagnetic system, there exist single-domain type magnetic moments which are partially aligned in the presence of an applied field analogous to paramagnetism, but with a much higher susceptibility. Moreover, above a critical temperature ͑T B ͒ the remanence and coercivity of the magnetization curve go to zero as the magnetic moments are subjected to thermal relaxation. 6 We suggest that the unusual magnetic behavior in the reduced sample might be due to the formation of singly electron occupied oxygen vacancies, in which there exist some sort of long-range interactions among the occupying electron spin moments in inducing the superparamagnetic behavior.
The undoped and Co-doped titania nanobelts were synthesized following previously published procedure. 7 The former was prepared from 99.99% pure commercial TiO 2 powder, while the latter nanobelts were prepared by hydrothermally reacting finely crushed powder of a piece of ferromagnetic rutile Co 0.01 Ti 0.99 O 2 ͑nominal cobalt concentration͒ single crystal 8 in 10 mol/ l NaOH͑aq͒ just below 200°C for 48 h. Both as-prepared titanate nanobelts were dried overnight in an air oven at 70°C before being heat treated under different conditions. Previously, it has been shown that by annealing the titanate nanobelts to 727°C ͑1000 K͒ for 3 -12 h, pure anatase TiO 2 with good crystallinity could be obtained. 7 Physical and structural phases of the nanobelts were characterized via transmission electron microscope ͑Jeol 2011͒ and powder x-ray diffraction ͑Philips X'pert series͒. The electron paramagnetic resonance ͑EPR͒ spectra were acquired with a Bruker EMX EPR spectrometer at room temperature. The oxidation states of titanium in the nanobelts were determined via x-ray photoelectron spectroscopy ͑XPS͒ using Al K␣ anode ͑Perkin-Elmer PHI͒. Data collection was conducted with a pass energy of 50 eV at 0.1 eV step and 350 ms/step, while the magnetic properties were measured using a superconducting quantum interference device ͑SQUID͒ magnetometer ͑Quantum Design MPMS͒.
SQUID magnetometer field dependent magnetization ͑M-H͒ measurements at 300 K ͓Fig. 1͑a͔͒ show the air annealed Co-doped ͑2.5 at. % by EDX͒ TiO 2 nanobelts have paramagnetic behavior in which the moments are partially aligned in the presence of an applied magnetic field resulting in a net magnetic moment. However, when the Co-doped anatase TiO 2 nanobelts were prepared via annealing under vacuum ͑Ͻ1 ϫ 10 −2 Torr͒ the M-H curve became irreversible, with a coercive force of 53 Oe, indicating ferromagnetism at room temperature. It is well known that annealing metal oxides under reduced atmosphere will create oxygen vacancies in the lattice sites, particularly on the surface but also in the bulk. In the case of TiO 2 , the presence of these oxygen vacancies is pivotal to its various functional properties. 9 EPR has been an invaluable tool in identifying electrons and holes ͑herein denoted as active species͒ that are trapped in these defect sites, enabling the mapping of the different types of oxygen vacancies that exist on both the surface and bulk of TiO 2 .
10,11 The EPR spectra in Fig. 1͑b͒ a͒ show that both the air and vacuum annealed Co-doped nanobelts contained stable active species residing on bulk and surface defect sites as well as on oxygenated sites primarily on the surface. The EPR signals with g value of ϳ2.001-2.005 are due to single-electron trapped in oxygen vacancies, 12, 13 while surface plus bulk Ti 3+ species have g values of 1.99-1.93. 10, 11 The latter reduced titanium species was also observed by Ti 2p core-level x-ray photoelectron emission spectrum ͓inset of Fig. 1͑b͔͒ . Compared to the fully oxidized undoped TiO 2 nanobelts, a shoulder is clearly observable on the lower binding energies side of the XPS Ti 4+ peak at 459.3 eV, which can be attributed to the presence of Ti 4−x species. 14 The broad EPR signals on the left side of the sharp peak are most likely due to those of surface oxygenated active species. 11, 15 This assignment is consistent with our experimental observations where the intensities of these signals are always higher in all air annealed samples, but relatively lower in all samples that were prepared under vacuum annealing.
Nanostructural titanium oxides are well known for their high defect content that are able to trap electrons which contributes to their enhanced functional behaviors. 16, 17 As previously mentioned, the report on room temperature ferromagnetism on nanoparticles metal oxides attributed to the exchange interactions among localized electron spin moments originated from electrons trapped on surface oxygen vacancies is of great interest, since unlike diluted magnetic semiconductors these nanoparticles contained no magnetic impurities.
1 With this in mind, we investigated the magnetic behaviors of undoped TiO 2 anatase nanobelts prepared from vacuum annealing of titanate nanobelts. EPR ͓Fig. 2͑a͔͒ of these reduced TiO 2 nanobelts shows a single sharp symmetrical signal ͑g = 2.003͒ which can be attributed to singleelectron trapped on oxygen vacant sites, also known as singly occupied F + -centers. 12, 13 Studies carried out on Codoped titanate nanotubes have shown the importance of this type of oxygen vacancies in mediating room temperature ferromagnetism, 2-5 with the widely accepted view of F-centers induced ferromagnetic coupling between Co 2+ via a donor impurity band exchange model. 18, 19 The enlarged plot of the same graph ͑inset͒ also reveals the presence of active species trapped on Ti 3+ sites ͑g = 1.933͒ but the amount of these species is significantly smaller compared to that of the former. The magnetization curve of the reduced TiO 2 nanobelts recorded at room temperature ͓inset of Fig. 2͑b͔͒ shows that these nanobelts exhibit superparamagnetic behavior. This was further confirmed via zero-field-cooled ͑ZFC͒ measurement where a transition from the thermally agitated "random" state to a state where the magnetic moments are blocked below the "blocking temperature" ͑T B ͒ at 56.6 K was observed. A hysteresis loop was clearly observed when the M-H curve was measured below the blocking temperature, as shown in Fig. 2͑b͒ . Owing to the presence of a large amount of singly occupied F + -centers, and with the absence of any impurities, it is therefore very likely that the observed superparamagnetic ordering is due to some sort of exchange interactions among the unpaired electron spin moments of these F + -centers. Since the shape of these TiO 2 nanobelts is highly anisotropic with preferential exposed faces, it is therefore worth further investigation into the size and shape dependence of TiO 2 nanostructural materials in order to elucidate the influence that these factors may have in governing the interactions among the electron spin moments, and therefore the resulting magnetic behavior.
In summary, we have shown the importance of the presence of certain type of oxygen vacancies in governing the magnetic behaviors of Co-doped and undoped TiO 2 nanobelts. In the former case, the presence of these vacancies together with cobalt doping mediated ferromagnetic ordering at room temperature. In the case of vacuum reduced undoped anatase TiO 2 nanobelts, it is proposed that the exchange interactions among the spin moments of the unpaired electrons occupying in this type of oxygen vacancies, in forming F + -centers, mediated superparamagnetic ordering in the sample. This work is supported by the Japan Society for the Promotion of Science ͑JSPS͒ postdoctoral fellowship. The authors would also like to thank K. Yamaki for providing the Co-doped rutile single crystal in this study. 
